Spin-polarized transport of photo-electrons in bulk, p-type GaAs is investigated in the Pauli blockade regime. In contrast to usual spin diffusion processes in which the spin polarization decreases with distance traveled due to spin relaxation, images of the polarized photo-luminescence reveal a spin-filter effect in which the spin polarization increases during transport over the first 2 µm from 26 % to 38 %. This is shown to be a direct consequence of the Pauli Principle and the associated quantum degeneracy pressure which results in a spin-dependent increase in the minority carrier diffusion constants and mobilities. The central role played by the quantum degeneracy pressure is confirmed via the observation of a spin-dependent increase in the photo-electron volume and a spin-charge coupling description of this is presented.
Spin-polarized transport in semiconductors has been studied intensively for more than a decade. Compared to metals, semiconductors are of interest because spin lifetimes and diffusion lengths are long [1, 2] , and because the orientation of electron spins can be controlled electrically [3] . These two characteristics are necessary for a large number of proposed active, spintronic devices [4] . As such, any physical interaction which modifies spin transport is not only of scientific interest but also of potential practical importance. Recently a number of theoretical predictions concerning novel spin-transport phenomena have been made by modifying the spin diffusion equations to include various possible coupling effects [5, 6] . One particular coupling -the Coulomb spin drag effect -has been explicitly dealt with and was recently observed experimentally [7] . While implicitly included in these descriptions, one element whose direct consequences on spin-polarized transport are yet to be explored is the Pauli Principle.
The Pauli Principle is a key element in the quantum mechanical description of nature [8] . Its basic premise, that two Fermions may not simultaneously occupy the same quantum state, has profound consequences for a number of apparently disparate physical systems [9, 10] . At high Fermion densities (in the so-called Pauli blockade regime) it predicts the appearance of a quantum degeneracy pressure that was recently observed under controlled conditions in an atom trap [11] , and that manifests itself as an increase of the charge carrier diffusion constant and mobility in solids [12] . Here it is shown that the quantum degeneracy pressure has at least two major consequences for spin-polarized transport in semiconductors. The first is the appearance of a spin-filter effect in which the spinpolarization of quantum degenerate electrons increases with the distance over which they are transported. Even in the presence of other novel spin-dependent phenomena [7, 13] , this observation is contrary to the usual expectations of spin-polarized transport in which the spin- * Electronic address: fabian.cadiz@polytechnique.edu
FIG. 1:
Pauli blockade driven spin-filter effect. Images of the luminescence polarization, P × |Pi|, in a GaAs thin film at T = 15 K induced by a circularly polarized, tightly focused laser spot at r = 0. The images correspond to excitation powers of a) 72 nW, b) 0.45 mW, c) 1.89 mW, d) 2.55 mW. As the excitation power and thus the photo-electron concentration increases, the appearance of a polarization dip at r = 0 is observed i.e. the polarization increases during outwards diffusion. Luminescence spectra indicate an electronic temperature, Te = 50 K, near r = 0.
polarization decreases with distance due to spin relaxation [1, 2] . Secondly, a spin-charge coupling appears that causes an increase the volume of the photo-electron population at high electronic polarizations. This increase in volume is equivalent to that observed in degenerate atom traps [11] .
In the experiments reported here, a spin-polarized degenerate photoelectron gas is created in a p-type GaAs (N A = 10 18 cm −3 ) thin film of thickness d = 3 µm by a continuous circularly-polarized (left, σ − or right, σ + ) laser beam of wavelength 780 nm. The beam is focused to a diffraction-limited Gaussian spot of half-width ω = 0.6 µm. Under these conditions, the photon angular momentum is partially transferred to the photoelectrons and the initial electronic (spin) polarization is [14] . A polarized micro-luminescence experiment [15] with a spatial resolution of 0.2 µm is used to image the spatial distribution of photo-electron charge, n(r) = n + + n − , the spin s(r) = n + − n − , and the spin polarization, P = s/n at temperatures between 6 K and 300 K. Here n − (n + ) are the concentrations of electrons with spin aligned parallel (antiparallel) to the direction of light propagation. The variations of n and s on depth do not depend strongly on radial position coordinate r. As such, for a qualitative approach, the diffusion in this sample is effectively 2-dimensional.
Charge and spin transport were first characterized at T = 15 K at low excitation power. In this case the charge concentration n(r) decreases from r = 0 over a characteristic diffusion length L = √ D 0 τ where D 0 is the spinindependent diffusion constant and τ is the minority carrier lifetime [15] . The spin distribution decays over a different, characteristic spin diffusion length L s = √ D s τ s where τ s is the spin lifetime. Since the spin lifetime τ s τ , P(r) also drops from its maximum value at r = 0 towards zero as r → ∞. This case is shown in Fig. 1(a) , where the luminescence polarization is 23 % at the center (implying a spin polarization P(0) = 46 %) before dropping to immeasurably small values for r > 10 µm. By analyzing the luminescence images [15] , the characteristic diffusion lengths are found to be L = 1.45 µm and L s = 1.23 µm for the charge and spin respectively. A separate, time-resolved photoluminescence experiment was used to determine τ = 270 ± 50 ps and τ s = 220 ± 50 (data not shown). Combining these times with the measured diffusion lengths yields the diffusion constants D 0 ≈ 82 ± 10 cm 2 /s and D s ≈ 71 ± 15 cm 2 /s, so that within experimental uncertainty D 0 = D s and spin-drag [7] is absent. The surface recombination velocity (S = 4.6 × 10 4 cm/s) is almost a factor of 10 smaller than the diffusion velocity, D 0 /d ≈ 2.73 × 10 5 cm/s, so that surface recombination is negligible. These parameters are used below to numerically model the effects of Pauli blockade effects with no adjustable parameters.
As the excitation power is progressively increased, n(0) becomes comparable to and eventually larger than the conduction band effective density of states, N c = 4.3 × 10 17 (T e /300) 3/2 cm −3 where T e is the electronic temperature. Figure 1 show that under these conditions the luminescence polarization (and therefore P(r)) exhibit a dip near r = 0 and counter-intuitively increase during diffusive transport for 0 < r < 2 µm. This observation is not only in complete opposition to usual notions of spin relaxation and diffusion [1, 2, 15 ], but cannot be described by any of the other novel, spin transport phenomena that have recently been reported [7, 13] . For the following discussion, the angular (θ) averaged spin polarization profiles corresponding to the images in Fig. 1 are shown in Fig. 2 , and the value of P(0) can be read off these curves.
As will be shown here, this effect is a direct consequence of the Pauli Principle and, more specifically, of the quantum degeneracy pressure that yields a dependence of the diffusion constant on the spin concentrations n ± , as summarized in Fig. 3 . It is assumed a priori that, after the initial excitation, the majority and minority spin populations thermalize to quasi-equilibria associated with two quasi-Fermi energies, E F± , with E F+ > E F− . At low excitation powers, such as in the left side of Fig.  3 , both quasi-Fermi levels fall in the bandgap of the semi-conductor and the concentrations n + and n − are both smaller than N c /2. In this limit and in the absence of Coulomb spin drag [7] , the diffusion constant for both spin populations is given by the Einstein relation, D 0 = µ 0 k B T e /q where k B is Boltzmann's constant, q is the absolute value of the electron charge and µ 0 is the electron mobility. In the extreme opposite case both E F+ and E F− lie above the bottom of the conduction band and n + and n − are larger than N c /2. In this degenerate limit, the Pauli Principle dictates a reduction in the charge carrier scattering rates via final-state blocking (see the inset schematic diagrams in Fig. 3 ) and consequently an increase in the average momentum relaxation time, τ m . This results in an increase in the mobility [16] , given (in the likely case of scattering by ionised impurities) by
and also in an increase of ξ(n ± ) = D(n ± )/µ(n ± ), both of which are functions of τ m and hence n ± . Here F j is the Fermi integral of index j. The general expression for 
(2) where ν(n ± ) = ξ(n ± )ζ(n ± ). Eq. (2) is strictly equivalent to the (spin) susceptibility formulation of the generalised Einstein relationship [17] . Shown in Fig. 3 are the variations of ζ, ξ, and ν as a function of n ± . The function ν can differ significantly from 1 for n ± > N c /2, and in the strongly degenerate case (n ± ≫ N c /2), the high energy expansion of the Fermi integral yields D ± ∝ n 5/3 ± [18] . Thus, since n + > n − , D + > D − and majority spin electrons diffuse further than minority spin electrons. Consequently there is an effective depletion of majority carriers in the central region of the images in Fig. 2 , bringing n + closer to n − and thereby reducing the luminescence polarization relative to its value at low excitation powers. Therefore, a dip in polarization is expected near r = 0. As r further increases, both n + and n − are reduced via carrier recombination until they are smaller than N c /2. In this case neither spin population is degenerate and the luminescence polarization begins to decrease with increasing r as usual.
A semi-quantitative analysis of the experimental results is now performed by estimating the spin concentrations n ± in a small region of surface area ω 2 centered at r = 0. In this case, spin relaxation and photo-electron recombination can be considered negligible compared to outward diffusion processes i.e. τ, τ s ≫ ω 2 /(4D ± ). The effective spin lifetimes are therefore ω 2 /(4D ± ) (within numerical factors of order unity [19] ). For continuous photo-excitation the concentrations at r = 0 are given by the non-linear equation:
, where Eq. (2) has been used [15] . Here g ± (0) are the spin dependent generation rates of photo-electrons (at r = 0) per unit volume. Their ratio in GaAs photo-excited at 780 nm is g + (0)/g − (0) = (1 + P * i )/(1 − P * i ). Here, in order to account for losses by spin relaxation during thermalisation [14] , the effective value of P * i = 0.45 is taken equal to P(0) at low power rather than to P i = 0.5 expected from the optical selection rules . Figure 3 shows the values of n ± calculated for panels a, b, and d of Fig. 1 (panel c has been omitted for clarity) Note also that the characteristic excitation power, P, required for the onset of the Pauli blockade effect is that which yields n(0) ≈ N c . One finds P ≈ 1 mW, in good agreement with the transition observed between curves c and d of Fig. 2 .
An increase of electron temperature will result in an increase of the effective density of states, proportional to T
3/2
e , thus reducing the degree of degeneracy and the effects of Pauli blockade. Figure 4 , which shows the spin polarization profiles obtained for different electronic temperatures at an excitation power of P = 2.55 mW, indeed reveals a transition from a degenerate to a non-degenerate gas between T e = 90 K (curve e) and T e = 110 K (curve f). The electronic temperature that determines the transition into the non-degenerate regime, obtained by writing n(0) = N c , and by neglecting the weak temperature dependence of D 0 , is 110 K. This is in excellent agreement with the temperature evolution of the polarization profiles of Fig. 4 .
A quantitative interpretation of the data for r = 0 requires a numerical solution of the coupled spin and charge diffusion equations. If Coulomb spin-drag is neglected [5] [6] [7] , then to first order in ηP,
and the spin-dependent diffusion constant from Eq. (2) may be written
Under these conditions, the coupled diffusion equations have a simple form where g = g + (r)+g − (r) is the electron-hole pair creation rate. More details on the calculation of luminescence and polarization profiles can be found in the Supplementary Information. Two effects play a marginal role in the quantitative determination of n(r) and s(r). Firstly, ambipolar diffusion cannot be completely ignored, in which case D must be replaced by the ambipolar diffusion coefficient D a [12, 19] . Since D a is smallest near r = 0, n is increased at the center thereby augmenting the effects of Pauli blockade. Secondly, it is necessary to account for possible modifications of spin-lattice relaxation at high power due to Pauli blockade [20] or to a local increase of T e by about 50 K, [21] as found from the shape of the luminescence spectrum. The change of spin relaxation time is revealed in the decrease of the spatially-averaged electronic spin polarization, from 39 % to 32 % with increasing excitation power (data not shown). By assuming that this reduction is due entirely to a reduction in the spatially-independent value of τ s , the variation of τ s with excitation power can be estimated and empirically included in the numerical resolution of Eqs. (4) and (5).
The calculation spin polarization profiles at T = 15 K are shown in the right panel of Fig. 2 next to the angular averaged profiles taken from the images in Fig.  1 . The agreement between experiment and calculation is excellent and confirms that the spin-filter effect in which P increases during transport is primarily due to Pauli blockade.
The relative increase in the majority spin diffusion constant in the Pauli blockade regime is physically equivalent to saying that the majority spins experience an additional outwards force due to quantum degeneracy pressure. Using the values of n + and n − obtained at T = 15 K and r = 0, along with the equation of state for a Fermion gas at T = 0 K, (p ± = 2n ± k B T F± )/5, the highest excitation power yields a pressure, p + ≈ 670 Pa (p − ≈ 250 Pa) compared with the classical result p + = nk B T e ≈ 460 Pa. Here the Fermi temperatures (T F± ) can be read off the right hand axis of Fig. 3 (black curve) . Thus the quantum degeneracy pressure for the majority spin population is a factor of 1.5 times higher than the classical result whereas for minority spins the contribution is comparable to the classical pressure.
This quantum degeneracy pressure should also change the volume of the spin-polarized electron gas in the Pauli blockade regime in analogy with observations in atomic systems [11] . It is possible to directly observe this phenomenon by modulating the photo-excitation polarization between a σ + circularly polarized state and a linear (or π) polarized state without changing the excitation power. In the latter case P i = 0 % so the photoelectrons are no longer spin polarized. On the other hand, as long as the excitation power is not modified, the photo-electron creation rate is identical for both σ + and π excitations. Figure 5 shows the relative variation in the photo-electron density profiles due to this change in light polarization at a lattice temperature of 15 K. Qualitatively one notes that for progressively higher photoexcitation powers, if the photo-electron gas is polarized then n decreases near r = 0 relative to the un-polarized case. polarization of the electron gas pushes the majority spins further into the Pauli blockade regime and yields a spin-averaged photo-electron population that does indeed occupy a larger volume in space. This extra majority spin pressure is at the origin of both the spin-filter effect described above as well as the observed increase in the spin-averaged photo-electron volume.
The data in the left panel of 
where η is defined in Eq. 3. In the case of π-excitation, P = 0 % and D = D. A simple estimate of the relative photo-electron concentration difference at r = 0 is then
2 ). For P = 2.55 mW, (n σ − n π )/(n σ + n π ) ≈ −2.7 % which is very close to the difference of measured luminescence intensities observed in Fig. 5 (left panel) at high excitation powers. The value of η ≈ 0.8 obtained at high power indicates that the electron gas is not in the strongly degenerate regime where, according to the above discussion of the concentration dependence of the diffusion constant it should be equal to 5/3 (see Fig. 3 ).
In summary, in a spin-polarized electron gas with, at minimum, a majority spin density bigger than N c /2, quantum degeneracy induces a spin filter effect in which both the mobility and diffusion constant depend on spin. This is well described as a coupling between the charge and spin diffusion equations. While this letter deals with bulk GaAs at low temperature, it would be of interest to explore the effect of Pauli blockade in lower dimensional systems since quantum confinement can increase |P i | to 100 % while N c is smaller and less sensitive to changes in temperature. In this case, the effects of Pauli blockade should persist to higher temperatures, opening the way to their exploitation in room temperature semiconductor spintronic devices.
